The electronic structure of nickel as a function of the lattice constant has been studied by the self-consistent spin-polarized augmented-plane-wave method. 
I. INTRODUCTION
We have performed augmented-plane-wave (APW) calculations for nickel in order to examine the effects of a change of lattice spacing on the band structure and to compare with experimental studies of the change of Fermi surface with pressure. " Previously there have been several spin-polarized band-structure calculations for nickel using different techniques including an APW calculation by Connolly and the more recent studies by Callaway and Wang, who used a linear combination of Gaussian-type orbitals. These studies have helped to determine the Fermi surface of nickel, the density of states, and the magneton number.
The present calculations were initiated because of a difficulty in explaining the changes in the Fermi surface with pressure as measured by the de Haas -van Alphen (dHvA) effect. " Two portions of the Fermi surface have been measured, the majority-spin sp -like necks centered at L and the d-like minority spin hole pockets centered at X In Table I the experimentally determined changes in cross-sectional areas with pressure of these two pieces are presented along with the corresponding estimates based simply upon changes in volume and magnetic moment with pressure. It can be noted that the measured changes are comparable to or smaller than the compressibility K. One might expect each cross-sectional area to increase by -, K if the only effect of pressure is to change the dimension of a unit cell. However, this is not the whole story. If the result of Kondorskii and Sedov' for the change in magnetic. moment per atom with pressure ( -2.9 x 10 4 kbar ') is used to estimate Change in area due to band repopulation based upon change in magneton number with pressure. 'Compressibility scaling prediction. the transfer of carriers from spin-up to spin-down bands, and if all other changes associated with pressure are ignored, then one would predict the rather large decreases in cross-sectional area indicated in Table I in contradiction to the experimental results.
Our band-structure calculations were used to determine changes, with pressure, of the Fermi-surface cross-sectional areas and magnetic moment per atom in order to explain these differences. We found that the Fermi-surface changes were consistent with our calculated transfer of electrons between spin-up and spin-down bands and in reasonable agreement with the measurements. " The computations were carried out self-consistently for several models of exchange and correlation as described below. tive to a fixed value so that one or a small number of dHvA oscillations can be displayed. Then the cell and sample are warmed to a temperature such that the helium melts, the pressure is changed, and the system is slowly cooled to the same temperature as before. Again one or a few cycles of the dHvA oscillations are displayed by the same variation of the magnetic field. From the shift of phase of the oscillations with pressure the variation of the dHvA frequency and correspondingly the variation of the extremal cross section of the Fermi surface can be determined.
III. BAND-STRUCTURE CALCULATIONS
In Fig. 1 are shown schematically the portions of the energy bands of nickel which produce the parts of the Fermi surface most susceptible to observation by means of the dHvA effect. The Fermi level for "spin-up" t is shifted above the Fermi level for "spin-down" ) by the exchange sphtting EE. The spin-up d bands are thought to be filled which leaves only the copperlike s-p sphere with necks for the Fermi surface resulting from the spin-up bands.
(There is some hybridization of spin-up and spindown bands when spin-orbit coupling is included. ) FIG we will refer to as NR.
(ii) Semirelativistic, soft-core model also with p'~3 exchange and a = 3, which we will refer to as SR.
For the soft-core calculations the 3s and 3p states as well as the 3d and 4s levels were calculated as bands. The lower levels were determined iteratively as atomic levels using the computer code of Liberman" The APW method that we have used to calculate spin-polarized energy bands and the Fermi surface roughly follows the approach by Connolly. 3 All calculations were carried out self-consistently within the muffin-tin approximation.
The lattice constant corresponding to normal spacing was taken to be 0 a = 3.5235 A, which is also the value chosen by Connolly. After each iteration the fractions of occupied spin-up and spin-down states were determined as well as the Fermi energy; these values were used in the construction of the exchange potential for the succeeding iteration.
In order to compare with pressure measurements, calculations were also made for a lattice spacing re-V (r,) =p, (r,)+ -, 'A(r, ) p where p+ and p are the spin-up and spin-down electron charge densities, respectively, p is the total electron charge density, For the standard APW calculation the constant potential outside the muffin-tin spheres is set equal to zero and all the energy levels are shifted accordingly. In the spin-polarized calculations, however, spin-up and spin-down bands are calculated separately and, in each case the potential outside the muffin tin is set equal to zero. Slater -Koster interpolation from 20-point mesh.
'T2g symmetry.
Eg symmetry, The Slater -Koster interpolation method was also applied in order to fit the APW energy bands from the vBH calculation at the normal lattice spacing. As parameters we used 32 interaction integrals, which include first-and second-neighbor interactions. The first six bands as well as the high-energy values at the symmetry points I~5 and X5' were fitted. These higher-energy states bring in the p character and their inclusion in the fit was found to be crucial in obtaining the correct angular-momentum decomposition of the density of states. The SK density-of-states decomposition is given in Table II to be compared with the density of states generated by the tetrahedron method. Note that the I components of the SK density of states are given for the total unit cell and not merely within the muffin-tin spheres.
The I components of the electronic charge have also been calculated. The main difference between the spin-up and spin-down electrons is found in the t2~-symmetry electrons.
IV. RESULTS AT NORMAL LATTICE SPACINGS A. Energy bands
Spin-up and spin-down energy bands have been obtained for the models mentioned in Sec. III. In Wang and Callaway while for the SR and vBH models the ordering is L3-L2'-L3. Consequently, in the NR case the necks are formed from the L2' branch while in the SR and vBH cases the necks are formed from the upper L3 branch. In Table III The energy bands near X are shown schematically in Fig. 1 The exchange splittings, energy differences In Table VI for completeness we present the core energy eigenvalues from the vBH calculation. For the deepest levels the exchange splitting appears to be smaller than the errors in our calculation and therefore only the average of the spin-up and spindown energies is given. The semicore bands, 3s and 3p, are quite narrow, less than 20 mRy. The exchange splitting, however, is comparable to that for the higher bands.
B. Densities of states
The densities of states for both spin-up and spindown bands have been obtained by interpolation using the tetrahedron and also the Slater -Koster schemes. A plot of the densities of states for the vBH model obtained from the 89-point mesh via the tetrahedron scheme is shown in Fig. 5 . The three models, NR, SR, and vBH, give similar results. In Table II Table   VII . We have estimated (aP) from the expression (co') = -, HD where OD =450 K, the experimental 1 value for the Debye temperature for nickel. 25 The value of A. at normal lattice constant, 0.24 for vBH and 0.21 for SR, is much lower than that deduced from specific-heat measurements. We suggest that the additional enhancement results from electronmagnon interactions. We also note from Table VII the expected increase of q with pressure and the fact that the major contribution to the electron-phonon interaction is due to the spin-down electrons.
From these densities-of-states calculation we have also determined the magneton numbers, n t -n ), for nickel. (See Table VIII [»o]
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[»1] The calculated pressure-derivatives of the extremal cross-sectional areas of the necks and hole pockets (Table X) 'Calculated from the vBH model using tetrahedron interpolation from the 89-point mesh.
Calculated from equivalent of 240-point mesh.
'Solid-helium phase-shift technique. as discussed in Sec. I.
In Table XI we show the energy differences, X3j-L2't for NR and X3)-L3t for SR and vBH, for normal and reduced lattice spacings as a partial indication of the shift of electrons between necks and ellipsoids.
We see that the difference actually increases with increasing pressure. This result by itself might suggest that there is a transfer from spin-down to spin-up bands with increasing pressure or in other words that the estimates based upon only the change in magneton number with pressure are incorrect. Therefore we see that the pressure effects are quite subtle. The appropriate energy levels X3) and L3t (or L2 t for NR) shift away from the Fermi energy with increasing pressure, but the energy also changes more quickly with wave vector (decrease in mass). Conse Fig. 4 .
